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Abstract In th is a ttem p t, the co n ducting  w all o f  the vessel is considered  as a second probe along w ith a single probe, w here both are 
completing an electrical c ircu it a long  w ith  the  plasm a. In m agnetically  confined plasm a, this concep t leads to a considerable d ifference betw een 
ihc ion and electron  density  d istribu tion  T hen the sheath  potential will be affected by that difference.
K eyw ords S ingle probe, sheath  poten tia l, conducting  w all e f fe c t
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L In tro d u c tio n
The double p ro b e  te c h n iq u e  h a s  an  im p o rta n t a d v a n ta g e  
where the to ta l c u rre n t to  th e  sy s te m  c a n  n e v e r  b e  g re a te r  
than the sa tu ra tio n  ion  c u rre n t, s in c e  a n y  e le c tro n  c u rre n t to  
the total sy stem  m u s t a lw a y s  b e  b a la n c e d  b y  a n  eq u a l ion  
current fl]. In  th is  te c h n iq u e , th e  e le c tr ic a l c irc u it Is c lo se d  
and isolated fro m  p la s m a  v e sse l.
Single p ro b e  m a y  b e  c o n s id e re d  as  a  sp e c ia l c a se  o f  th e  
double pro b e . In  th is  c a se , th e  w a ll o f  p la s m a  v e sse l a c ts  as  
a large re fe re n c e  e le c tro d e  [1 ]. S o  th e  c o n d u c tin g  w a ll is a  
part of an e le c tr ic a l c ir c u it  o f  th e  p ro b e .
The e le c tr ic a l c ir c u it  o f  s in g le  p ro b e  (F ig u re  1) is 
composed o f  th e  b o d y  o f  th e  p la s m a , th e  tip  o f  th e  p ro b e  an d  
the wall o f  th e  v e sse l. F o r  m a g n e tic  f ie ld -f re e  p la sm a , b o th  
of the p ro b e  a n d  th e  w a ll c o n f ro n t th e  sa m e  c o n d it io n s  o f  
plasma; so th ey  h a v e  sa m e  n e g a tiv e  p o te n tia l  w ith  re sp e c t 
to plasma and  c o n fm e d  e le c tro n s  e le c tro s ta tic a lly .
In case o f  m a g n e tic a l ly  c o n f in e d  p la sm a , th e re  w ill b e  a  
certain den sity  d is tr ib ii tio n  w ith in  t)ie  p la s m a 's  b o d y . S o  th e  
probe and th e  w a ll c o ijf ro n t d if fe re n t c o n d it io n s ; b u t b o th  o f  
them are n eg a tiv e  ( o r  le s s )  w ith  re s p e c t  to  p la sm a .
In this a ttem p t, w e  a re  g o in g  to  s tu d y  th e  e ffe c t o f  th e  
conducting w a ll th a t  is  c o m p le tin g  th e  e le c tr ic a l c irc u it  in 
case o f sing le p ro b e . T h e n  th e  c o n c e p t  w ill b e  a p p lie d  o n  
 ^ confined p la sm a  b y  a  q u a d n ip o le  m a g n e tic  f ie ld  sy s tem .
w o l ;
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F ig u re  1. The clectncal circuit o f  signal probe and wall
2. W a ll  e f f e c t th e o r y
F o r a  s in g le  p ro b e  c ircu it, w h en  th e  w a ll a c ts  a s  a  re fe re n c e  
b o d y , th e  p ro b e  a n d  th e  w a ll d ra in  sam e  a m o u n t o f  c u rre n t 
d e n s ity  {Jp =  JwX w h e re  Jp a n d  a rc  th e  d ra in  c u rre n t 
d e n s itie s  b y  th e  p ro b e  an d  th e  w a ll fro m  th e  sh e a th  reg io n  
re sp e c tiv e ly . A c c o rd in g  to  K irch o fT s law  :
*^ ip *^ ep “  ~~ f ( i )
w h ere  th e  su b sc rip ts  i a n d  e re fe rre d  to  ion  a n d  e le c tro n  
c u rre n ts  re sp ec tiv e ly . T h e  n e t c u rre n t o f  th e  sy s tem  is ze ro . 
T h e  c o n c e p t o f  e le c tr ic a l c irc u it im p lie s  th a t th e re  is  an  
in te rn a l c u rre n t in s id e  p la sm a  (to  c o m p le te  th e  lo o p ). T h is  
c u rre n t a rise s  o w in g  to  th e  p o te n tia l d if fe re n c e  b e tw e e n  th e  
p ro b e  a n d  th e  w all (F ig u re  2 ). In  th e  c a se  o f  f ie ld -f re e  p la sm a  
(h o m o g e n e o u s  d e n s ity  d is tr ib u tio n ), th e  p la s m a  p o te n tia l 
((fc) in s id e  p la sm a  b o d y  is a p p ro x im a te ly  z e ro  ( ^ ,  =  0 ) . In
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this case, both of the floating probe and the wall will have 
a small negative potential (owing to the sheath) with respect 
to the plasma, and there is no internal current.
Figure 2. The potential d istribu tion  in space betw een the probe and the 
wall o f  m agnetic field-free plasm a.
In magnetically confined plasma, there will be certain 
types of distribution of plasma parameters such as density 
(n\ space and floating potentials /^), electron temperature 
(TV),... etc,. In this case, let us consider three positions of 
the probe inside plasma, starting from hot to cold plasma 
near the wall (where the wall is relatively negative with 
respect to its neighboring plasma). Figure 3 shows the three 
different positions of the probe, where the probe and the wall 
act as tw6 electrodes, and ^  is the wall potential.
Figure 3, The polenUil distribution in space between the probe and the 
wall of many different space po^tial cases, (a) The probe placed in 
position of negative space potential, whereas the wall at approxirnttely 
aeiD potential, (b) The probe and the wall have same potential, (c) The 
probe placed in position of positive space potential, whereas the wall at 
WroxhoatBly aero potential.
Case I. When ^  «  ^  .
In this case, the probe is positioned in hot plasma region. The 
probe becomes attractive for the electrons in its vicinity. So 
owing to internal transportation, the apparent electron probe 
current (J«) in retarding region is less than the probe current 
that appears in the theory of single probe. The apparent 
electron current of the probe is
where is the internal electron current that is directed to 
the probe from plasma region. J „  is the internal electron 
cunent that directed to the wall. is the random current 
given by
(3)
where np is the density at the sheath edge of the probe. K, 
e, and are Boltzmann's constant, charge and mass of 
electron respectively. is the current that follows from the 
vicinity of the wall, and it is
(4 )
where -  ^\ = = 0, owing to the earthed
wall), fiw is the density at the sheath edge of the wall. So (he 
apparent current of eq. (2) becomes
where
rj = 4ne\^,\/i(T ,.
(5)
( 6 )
Case 2. When \ _ 0
In this case, both electrodes (probe and the wall) confined 
the electrons in their vicinities. So, there is no internal 
transportation = 0), and then the apparent current is
J . = J .p . (7)
This case is similar to that of field free plasma (Figure 2) 
Case 3. When ^  ^  :
This case is expected to be in cold plasma region. The prote 
is more attractive for electrons than the wall. Sottiw'ing to 
the internal transportation the apparent current is
Jf “  Jfp +  Jnf-
The apparent current is larger than that expected by the pivbo 
theory, or
(9)
Now, from eqs. (5), (7) and (9), we can get the general tatw 
of the probe current to the apparent cuirent densities ss
(10)
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From eq. (3 ) . w e  c a n  say  th a t  J^ p is re fe rre d  to  np. T h e  
nparent c u rre n t J ,  is  re fe r re d  to  th e  m e a su re d  e le c tro n  
density n,„. S o  th e  ra t io  Jep/J, is e q u iv a le n t to  E q .
( 1 0 ) can be  re w ritte n  as
ter \  ’^ P J
(11)
2 I. The ratio n»/np :
In order to  fin d  th e  ra t io  njnp, le t u s c o n s id e r  tw o  flu x  o f  
e le c tro n s  in tw o  o p p o s i te  d ire c tio n s  n e a r  flie  p ro b e . T h e  firs t 
one. the flux  o f  e le c tro n s  o w in g  to  th e  p o te n tia l d iffe re n c e  
b e tw e e n  th e  p ro b e  a n d  th e  w a ll ( / '^ )
( 12)
where 1^  ^ =  ) '^ ^ . (1 3 )
By this a ssu m p tio n , w e  re g a rd  th a t n„ b u ild s  u p  fro m  th e  flu x  
only. T he se c o n d  flu x  is a  th e rm a l e le c tro n  f lu x  (71*) an d  is
T!h -  tpVih , (1 4 )
where V,t, = {KTe/2mn,) (15)
The re lation  b e tw e e n  th e  tw o  flu x  m a y  b e  c la s s if ie d  as
(I) T,i, = Tp.




where the th e rm a l flu x  is d o m in a n t.
(in) 71* »  Fp.
Then, — «  .In
In this case, Fp is a p p ro x im a te ly  n e g lig ib le .
I'v) < Fp.
1
(1 6 a )
(1 6 b )
(1 6 c )
(1 6 d )
where is d o m in an t, a n d  c o u ld  le a d  to  m o re  e x trem e  case
^0 neglect Pt^ .
In classify ing  th e  c o n f in e d  p la s m a  a c c o rd in g  to  its 
temperature, o n e  c an  say  th a t
(a) In hot re g io n  w h e re  | - ^ |  <  Tg, th e  p ro b e  is m o re  
repulsive fo r  e le c tro n s  th a n  th e  w a ll. S o  th e  re la tio n  
( I 6 b) is v a lid , a n d  th e re  is a la rg e  d e p le tio n  o f  
electron fro m  th e  p ro b e  re g io n  to  th e  w a ll (F ig u re  3a).
(b )  In ra th e r c o ld  reg io n , w h ere  1 + ^ ,1  >  Tg, th e  p ro b e  is 
m o re  a ttrac tiv e  fo r e lec tro n s  th an  the w a ll, so  w ill 
d ec rease , th en  th e  ra tio  (1 6 c ) is va lid . T h e re  is n o  
(re la tiv e ly  sm all) d ep le tio n  o f  e le c tro n s  to  th e  w all 
(F ig u re  3b).
(c )  In  c o ld  reg io n  w h ere  »  TV, th e re  w ill b e  a  la rg e  
d ep le tio n  from  th e  w all reg io n  to  th e  p ro b e , an d  th e  
re la tio n  (1 6 d ) is va lid  (F ig u re  3 c).
3 . L o o k in g  f o r  a p p lic a t io n
T h is  th eo ry  is ap p lied  fo r a  co n fin ed  p lasm a , w h e re  th e re  
ex is ts  a  d en sity  d is trib u tio n . O n e  o f  co n fin in g  m ach in es  is 
lin ea r q u ad ru p o le . In th is  a ttem p t, w e w ill co n s id e r th e  
q u ad ru p o le  o f  the  U n iv ers ity  o f  M an ch es te r  In s titu te  o f  
S c ien ces an d  T ech n o lo g y  (U M IS T ). T h is  d ev ise  has b een  
d e sc r ib e d  by m an y  w o rk ers  [2 -5 ] .
In  th e  U M IS T  q u ad ru p o le , s ing le  o rb ita l m o tio n  lim it 
(O M L ) p ro b e  tech n iq u e  h as b een  used . C h erry  [4] u sed  it 
fo r rpfAo >  1 in a sm all sp ace  ran g e  o f  sh a red  flux . T h e  sam e 
m e th o d  h as b een  ad o p te d  fo r rp/Ao < 1 an d  a ll q u a d n ip o le 's  
reg io n s  w ere  ex am in ed  by  S an d u k  [5].
H o w ev er, th e  th eo ry  an d  th e  tech n iq u es  o f  s in g le  O M L  
p ro b e  are  w ell k n o w n  an d  h av e  b een  e x ten s iv e ly  s tu d ied  by 
m an y  re sea rch e rs  [6 ]. T h e  s in g le  p ro b e  (sp ec ia lly  th in  p ro b e  
th a t b a se d  o n  o rb ita l m o tio n  lim it th e o ry ) g iv es u s  a  
p o ss ib ility  to  e s tim a te  b o th  o f  ion  an d  e le c tro n  d en sitie s  (fii 
an d  rtg) in  ad d itio n  to  e le c tro n  te m p e ra tu re  (Te). an d  p lasm a  
p o te n tia l (^ j) , from  o n ly  o n e  cu rv e  o f  7 -
In  p la sm a  d iag n o s tic s  th e o rie s  b y  e le c tr ic a l p ro b e , p lasm a  
d e n s i ty  (n) c an  b e  e s tim a te d  th ro u g h  th e  c o n c e p t o f  
q u as in eu tra lity  (n, = ««), then  n, =  n. U sin g  O M L  p ro b e , one 
can  estim a te  b o th  d en sitie s . S m ith  an d  P lu m b  [7] d id  n o t get
eq u a l d en sitie s  (n/ng =  1 0 .0 7  ). G e iss le r  [8 ] a lso  g o t
a  ra tio  o f  njne = 0 .7 0 4  w h ich  is fa r  fro m  unity .
In  O M L  tech n iq u es , th e  d en sity  e s tim a tio n  n o rm ally  
d ep e n d s  on  th e  lim it o f  reg io n  o f  ea c h  sp ec ie s  in th e  
sa tu ra tio n  c u rren t p art.
In  th e  p re sen ce  o f  a s tro n g  m ag n e tic  fie ld , th e  c o n d itio n s  
o f  co llec tio n  w ill n o  lo n g er be  sa tisf ied , e sp ec ia lly  fo r 
e lec tro n s  [9]. B ecau se  o f  th is, an d  in  ca se  o f  u sin g  s in g le  
p ro b e , it is p re fe rab le  to  u se  th e  ion  sa tu ra tio n  p a r t o f  the  
7  -  ^  cu rv e  on ly . In  th is  c ase , o n e  sh o u ld  co n s id e r L ea  an d  
A llen  [10 ] c rite r ia  o f  d e a lin g  w ith  p o sitiv e  io n  co llec tio n . 
O w in g  to  th is  p ro b lem  w ith  O M L  e le c tro n  c o llec tio n , h e re  
w e  a re  g o in g  to  use  th e  re ta rd in g  reg io n  to  estinfiate th e  
d en sity  o f  e lec tro n .
T h e  d a ta  w h ich  w e a rc  g o in g  to  d ea l w ith , a re  e x trac ted  
fro m  R ef. [5]. T h ese  d a ta  w ere  o b ta in ed  b y  u s in g  a  T -shaped  
(m ad e  o f  m o ly b d en u m ), cy lin d e r o f  5 x 10“  ^ m  rad iu s  
(I>cbyc len g th  o f  o rd e r 10"^ m ) p ro b e . T h e  h y d ro g e n  p lw m a  
w as c o n fin e d  b y  m ag n e tic  f ie ld  o f  o rd e r  3 x 1 0 " ^  T, F ig u re  
4  d e p ic ts  n, d is tr ib u tio n  in  y//I sp ace  [5 ]. is a  so r t o f  sp ace
co o rd in a te  in q u a d ru p o le  g eo m e try  [4].
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3.3. Calculation o f the effect :
F ro m  th e  m e n tio n e d  d a ta  [5 ] , w e  c a n  g e t rj [eq . ( 6 )]. Figure 
5 sh o w s th e  v a r ia tio n  o f  ^  w ith  yAL A  g e n e ra l form  can 
b e  fo rm u la te d  fo r th e  a b o v e  in e q u a lit ie s  (1 6 )  a s  [ 1 2 ] :
Figure 4. The distribution of experimental rii and in quadrupolc 
space.
3.1. n^ m estimation :
A n  e s t im a t io n  o f  c a n  b e  f o u n d  th r o u g h  th e  a s s u m p tio n  
th a t  th e  e le c tro n s  h a v e  a  M a x w e llia n  v e lo c ity  d is tr ib u tio n . 
E le c tro n  c u rre n t c an  b e  c a lc u la te d  fro m  su b tra c tio n  o f  th e  
It O M L  fro m  th e  p ro b e  c u rre n t. T h e n , o n e  can  g e t fo r  p ro b e  
c u rre n t ;
\n le -  \n hs -  (e (1 7 )
w h e re  is th e  e le c tro n  c u rre n t a t E q . (1 7 )  is a lin ea r 
fo rm , a n d  c an  b e  p lo tte d  a f te r  th e  c a lc u la tio n  o f  1^ . F ro m  th e  
s lo p e  e/KTe, o n e  ca n  fin d  T^ . B y  e x tra p o la t in g  th e  lin e  b a c k  
to  ^  les an d  th e n  ne c an  b e  e s tim a te d . S in ce  th is  a n a ly s is  
is a t th e  re ta rd in g  re g io n , th e  c o lle c tin g  e le c tro n  c u rre n t a n d  
d e n s ity  a re  c a lle d  Igr a n d  nen e^r is th e  m e a s u re d  e le c tro n  
d e n s ity  (ai^ ^) th a t is m e n tio n e d  in  S e c tio n  2 . F ig u re  4 sh o w s 
th e  d is tr ib u tio n  o f  n^ m-
3.2. Sheath potential ratio :
A ssu m in g  th a t th e  d e n s i tie s  a t th e  e d g e  o f  th e  th ic k  sh e a th  
a re  e q u a l {n, -n ^ ),  o n e  c a n  fm d  th e  sh e a th  p o te n tia l ra tio  
[a =  fo r  th e  s in g le  O M L  p ro b e  as  [5]
a  =  1 / 2  in  [ ;r  r oc)], (1 8 )
w h e re  r  =  TJTt a n d  z  =  rnjme.
In  th e  c o ld  io n  lim it, r  »  1. F o r  h y d ro g e n  (H^i), 
n u m e r ic a l so lu tio n  o f  eq . (1 8 )  y ie ld s  a  =  3 .0 7 , w h e re a s  fo r 
r  »  1 w e  o b ta in  a  =  2 .9 5 . F o r  O M L  (in  c o m p a r iso n  w ith  
s ta n d a rd  p ro b e )  oc d e p e n d s  o n  th e  m a ss  a n d  te m p e ra tu re  ra tio  
o f  io n iz e d  g as  c o m p o n e n ts , w h e re a s  th e  d e n s ity  ra tio  is e q u a l 
to  u n ity  d u e  to  th e  a s s u m p tio n  o f  n e u tra li ty  a t  th e  e d g e  o f  
th e  sh ea th .
In  a  p re v io u s  w o rk  [ 1 1], a n  e x p la n a tio n  h a s  b e e n  g iv e n  
to  th e  re d u c tio n  in a. It is re fe r re d  to  tru n c a tio n  o f  th e  
e le c tro n  v e lo c ity  d is tr ib u tio n  a s  th e  p ro b e  d ra in s  e le c tro n  
fro m  a  c lo s e d  f lu x -tu b e  fa s te r  th a n  th e y  c a n  b e  re p la c e d . T liis  
e x p la n a tio n  fits  o n ly  th e  o u te r  p a r t  o f  th e  q u a d ru p o le , a n d  
d o e s  n o t m e n tio n  th e  s in g le  p ro b e .
Figure 5. The distribution of in quadrupolc space 
riw _ 1
w h e re  is a  d im e n s io n le s s  q u a n tity  a n d  its  v a lu e s  can be 
a s - o o ^ / ? ^ 4 - o o .  A c c o rd in g  to  eq . ( 19 ), o n e  c a n  rew rite  eq
( 1 1 ) as
( 20)
F ro m  eq . (2 0 ) , F ig u re  6  sh o w s  th e  v a r ia tio n  o f  R with the 
th e o re tic a l ra t io  o f  np/ncm-
np
ne
Figure 6. The behavior of the ratio h^ Hm, with ‘ according «
eq- (2 0 ).
In s id e  th e  th ic k  sh e a th , th e  io n s  m o v e s  u n d e r  th e  influence 
o f  th e  e le c tro s ta tic  p o te n tia l  (e^> KTi). T h e re fo re , the OML 
p ro b e  c u rre n t is p ro p o r tio n a l to  (2 e ^ /m ,) * ^ . Accordingly* ^  
c a n  a s s u m e  th a t np =  AJ^  T h e n  th e  ra t io  np/n^ r c a n  be  assum
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to  b e  eq u a l to  n,/nem, w h e re  n, a n d  nem ^  sh o w n  in F ig u re
4 . W ith  th e  a id  o f  eq . (2 0 ) , w e  c a n  g e t th e  e x p e rim en ta l 
e stim a tio n  o f  R fo r  th e  q u a d ru p o le . T h e se  re su lts  a re  show n  
in F igu re  7.
Fi|{urc 7. The distribution of experimental estimation of R in 
quadrupole space
T he ra tio  njnp  c an  be  e s tim a te d  fro m  th e  ex p e rim en ta l 
values o f  7? a n d  \fn . T h e se  c a lc u la tio n s  a re  d e p ic ted  in 
F igure 8 . T h e re  is s in g u la r ity  o f  \f  a t {f/ll -  0  1, b ecau se  
(ff, -  0  in th is  p o s itio n .
F ig u re  9 show s the  th eo re tica l an d  e x p e rim e n ta l p la sm a  
p o ten tia l.
4 [VI
space
i  J  7 Sheath potential :
For a ro u g h  e s tim a tio n  o f  sh e a th  p o te n tia l {^ h^) o f  th e  p ro b e  
we can so lv e  P o is so n 's  e q u a tio n . In s id e  th e  sh ea th , ion and 
electron  d e n s itie s  a re  n o  lo n g e r  e q u a l. T h e  sh ea th  ran g e  is 
o f  the o rd e r  o f  a  few  A/> U n d e r  th e  a ssu m p tio n s  o f  one  
d im ensional c a se  a n d  c o n s id e r in g  Aw(/i, -  n^ r) to  be a  
constant, th e  so lu tio n  o f  P o is so n 's  e q u a tio n  (fo r  th a t sh ea th ) 
may take  th is  s im p le  fo rm  [ 1 2 ]
^,1, = -e  / 2eo («,, -  . (21)
y'/i
F ig u re  9. The distribution of the experimental and theoretical space 
potential in quadrupole space
4. C o n c lu s io n
(a ) T h e  c o n d u c tin g  w all e ffec t a rises  o w in g  to  th e  space  
p o ten tia l d iffe ren ce  in tw o d iffe ren t p o sitions, the  p o sitions 
o f  the s in g le  p ro b e  an d  th e  w all.
(b )  T h e  b eh av io r o f  the  v a ria tio n  o f  w ith  p o sitio n  (F ig u re  
9 ) h as ap p ro x im a te ly  th e  sam e  fea tu re  fo r  b o th  the  
th eo re tica l and  ex p e rim en ta l e s tim a tio n , w h ich  in d ica tes  
th a t th e  den sity  d iffe ren ce  has an  im p o rtan t ro le  on  th a t 
b eh av io r.
(c )  F rom  F ig u re  7, th e  a llo w ed  v a lu es o f  /? a re  0  <  /? <  2 
and  -  3  < 7? < " 1. T he  s in g u la rity  ( o f  R) is a t p o sitio n  
n e a r ^^ //7 ~ 0.2 . It co rre sp o n d s  to  th e  fo rb id d en  reg ion  
( -  1 < 7? < 0 ) o f  F igu re  6 . T h e  c a lc u la ted  sp ace  p o ten tia l 
(f ro m  P o is so n 's  e q u a tio n ) v an ish es  a t th is  p o s itio n  
(F ig u re  9). So th e re  is an  ag reem en t b e tw een  th e  tw o 
ap p ro ach es  in d e te rm in in g  th e  p o sitio n  o f  ~ 0 .
(d ) In F ig u re  8 , the  sin g u la rity  ( o f  b o th  nJnp an d  V is 
a t p o sitio n  v ' / / -  0 .1 . T h a t is o w in g  to  th e  ex p e rim en ta l 
v a lu e  o f  th e  p o ten tia l (F ig u re  9 ), w h ere  it v an ish es  at 
th is  p o sitio n . T h e re  is a sh ift in th e  d e te rm in ed  p o sitio n  
o f  =  0. T he  o rd e r o f  th is sh ift is a b o u t 0 .1 . T h e re  
is a lread y  an  in accu racy  in p o sitio n  d e te rm in a tio n  o f  
o rd e r =  0 .0 2 5 . In m o st o f  the  d o u b le  p ro b e  e s tim a tio n s , 
th e  p o sitio n  o f  v an ish in g  o f  f lo a tin g  p o te n tia l w ere  
fo u n d  to  be  a t if/ll 0 .2  [2 -4 ] .
(e ) T h e  ty p ica l p lasm a  p o ten tia l is a p p ro x im a te ly  zero . W e 
g o t th is case  a t p o sitio n  \piJ =  0 .2 . A t th is p o s itio n , R
± 00 and  th is  leads to  m ak e  n^  ->  0 . In  o th e r w o rd s , th e re  
is n o  co n sid e rab le  d en sity  n ea r th e  w all o r  th e re  is no  
leakage .
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